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(54) A combustion chamber 

(57) A three-stage lean burn combustion chamber 
(28) comprises a primary combustion zone (36), a sec- 
ondary combustion zone (40) and a tertiary combustion 
zone (44). Each of the combustion zones (36,40,44) is 
supplied with premixed fuel and air by respective fuel 
and air mixing ducts (54,70,92). The fuel and air mixing 
ducts (54,70,92) have a plurality of air injection slots 
(62,64,76,98) spaced apart transversely to the direction 



of flow through the fuel and air mixing ducts (54,70,92). 
The air injection slots (62,64,76,98) extend in the direc- 
tion of flow through the fuel and air mixing ducts 
(54,70,92) to the reduce the magnitude of the fluctua- 
tions in the fuel to air ratio of the fuel and air mixture 
supplied into the at least one combustion zone 
(36,40,44). This reduces the generation of harmful vi- 
brations in the combustion chamber (28). 
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Description 

[0001] The present invention relates generally to a 
combustion chamber, particularly to a gas turbine en- 
gine combustion chamber. 5 
[0002] In order to meet the emission level require- 
ments, for industrial low emission gas turbine engines, 
staged combustion is required in order to minimise the 
quantity of the oxide of nitrogen (NOx) produced. Cur- 
rently the emission level requirement is for less than 25 io 
volumetric parts per million of NOx for an industrial gas 
turbine exhaust. The fundamental way to reduce emis- 
sions of nitrogen oxides is to reduce the combustion re- 
action temperature, and this requires premixing of the 
fuel and a large proportion, preferably all, of the com- '5 
bustion air before combustion occurs. The oxides of ni- 
trogen (NOx) are commonly reduced by a method, 
which uses two stages of fuel injection. Our UK patent 
no. GB1 489339 discloses two stages of fuel injection. 
Our International patent application no. WO92/07221 20 
discloses two and three stages of fuel injection. In 
staged combustion, alt the stages of combustion seek 
to provide lean combustion and hence the low combus- 
tion temperatures required to minimise NOx. The term 
lean combustion means combustion of fuel in air where 25 
the fuel to air ratio is low, i.e. less than the stoichiometric 
ratio. In order to achieve the required low emissions of 
NOx and CO it is essential to mix the fuel and air uni- 
formly. 

[0003] The industrial gas turbine engine disclosed in 30 
our International patent application no. WO92/0722 us- 
es a plurality of tubular combustion chambers, whose 
axes are arranged in generally radial directions. The in- 
lets of the tubular combustion chambers are at their ra- 
dially outer ends, and transition ducts connect the out- 35 
lets of the tubular combustion chambers with a row of 
nozzle guide vanes to discharge the hot gases axially 
into the turbine sections of the gas turbine engine. Each 
of the tubular combustion chambers has two coaxial ra- 
dial flow swirlers, which supply a mixture of fuel and air *o 
into a primary combustion zone. An annular secondary 
fuel and air mixing duct surrounds the primary combus- 
tion zone and supplies a mixture of fuel and air into a 
secondary combustion zone. 

[0004] One problem associated with gas turbine en- 
gines is caused by pressure fluctuations in the air, or 
gas, flow through the gas turbine engine. Pressure fluc- 
tuations in the air, or gas, flow through the gas turbine 
engine may lead to severe damage, or failure, of com- 
ponents if the frequency of the pressure fluctuations co- 50 
incides with the natural frequency of a vibration mode 
of one or more of the components. These pressure fluc- 
tuations may be amplified by the combustion process 
and under adverse conditions a resonant frequency 
may achieve sufficient amplitude to cause severe dam- , 55 
age to the combustion chamber and the gas turbine en- 
gine. Alternatively the amplitude of the pressure fluctu- . 
ations may be sufficiently large such as to. induce dam- 
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age to the combustion chamber and the gas turbine en- 
gine in their own right. 

[0005] It has been found that gas turbine engines, 
which have lean combustion, are particularly suscepti- 
ble to this problem. Furthermore it has been found that 
as gas turbine engines which have lean combustion re- 
duce emissions to lower levels by achieving more uni- 
form mixing of the fuel and the air, the amplitude of the 
resonant frequency becomes greater. It is believed that 
the amplification of the pressure fluctuations in the com- 
bustion chamber occurs because the heat released by 
the burning of the fuel occurs at a position in the com- 
bustion chamber, which corresponds, to an antinode, or 
pressure peak, in the pressure fluctuations. 
[0006] Our European patent application No. 
00311040.0 filed 11 December 2000, which claims pri- 
ority from UK patent application 9929601 .4 filed 1 6 De- 
cember 1999 discloses a combustion chamber ar- 
ranged to reduce this problem. The combuslion cham- 
ber has at least one fuel and air mixing duct for supplying 
a fuel and air mixture to a combustion zone in the com- 
bustion chamber. Fuel injection means is arranged to 
supply fuel into the at least one fuel and air mixing duct. 
Air injection means is arranged to supply air into tho at 
least one fuel and air mixing duct. The air injection 
means comprises a plurality of air injectors spaced apart 
in the direction of flow through the at least one fuel and 
air mixing duct to reduce the magnitude of the fluctua- 
tions in the fuel to air ratio of the fuel and air mixture 
supplied into the at least one combustion zone. 
[0007] However although the fuel to air ratio fluctua- 
tions have been reduced there is a risk of auto ignition 
of the fuel in the fuel and air mixing duct in the wakes 
from the air injectors due to the possibility of excessively 
long residence times in the fuel and air mixing duct. The 
risk of excessively long residence time is a function of 
the gas turbine engine pressure ratio. The higher the 
pressure ratio, the higher the risk of autoignition. 
[0008] Accordingly the present invention seeks to pro- 
vide a combustion chamber which reduces or minimises 
the above-mentioned problem. 

[0009] Accordingly the present invention provides a 
combustion chamber comprising at least one combus- 
tion zone defined by at least one peripheral wall, at least 
one fuel and air mixing duct for supplying a fuel and air 
mixture to the at least one combustion zone, the at least 
one fuel and air mixing duct having an upstream end 
and a downstream end, fuel injection means for supply- 
ing fuel into the at least one fuel and air mixing duct, air 
injection means for supplying air into the at least one 
fuel and air mixing duct, the pressure of the air supplied 
to the at least one fuel and air mixing duct fluctuating, 
the air injection means comprising a plurality of air in- 
jectors spaced apart transversely to the direction of flow 
through the at least one fuel and air mixing duct, each 
air injector comprising a slot extending in the direction 
of flow through the at least one fuel and air mixing duct 
to reduce the magnitude of the fluctuations in the fuel to 
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air ratio of the fuel and air mixture supplied into the at 
least one combustion zone. 

[0010] Preferably the at least one fuel and air mixing 
duct comprises at least one wall the air injectors com- 
prise a plurality of slots extending through the wall. 
[0011] Preferably the combustion chamber compris- 
es a primary combustion zone and a secondary com- 
bustion zone downstream of the primary combustion 
zone. 

[0012] Preferably the combustion chamber compris- 
es a primary combustion zone, a secondary combustion 
zone downstream of the primary combustion zone and 
a tertiary combustion zone downstream of the second- 
ary combustion zone. 

[0013] The at least one fuel and air mixing duct may 
supply fuel and air into the primary combustion zone. 
The at least one fuel and air mixing duct may supply fuel 
and air into the secondary combustion zone. The at least 
one fuel and air mixing duct may supply fuel and air into 
the tertiary combustion zone. 

[0014] The at least one fuel and air mixing duct may 
comprise a single annular fuel and air mixing duct, the 
air injection means being circumferentially spaced apart 
and the air injection means extending axially. The annu- 
lar fuel and air mixing duct may comprise an inner an- 
nular wall and an outer annular wall, the fuel injector 
means being provided in at least one of the inner and 
outer annular wails. The air injector means may be ar- 
ranged in the inner and outer annular walls. The air in- 
jection means in the inner annular wall may be stag- 
gered circumferentially with respect to the air injection 
means in the outer annular wall. 

[0015] Preferably the fuel and air mixing duct compris- 
es a radial fuel and air mixing duct, the air injection 
means being circumferentially spaced apart and the air 
injection means extending radially. Preferably the radial 
fuel and air mixing duct comprises a first radial wall and 
a second radial wall, the air injector means being pro- 
vided in at least one of the first and second radial walls. 
Preferably the air injector means are provided in the first 
and second radial walls. The air injection means in the 
first radial annular wall may be staggered circumferen- 
tially with respect to the air injection means in the second 
radial wall. 

[0016] Alternatively the fuel and air mixing duct com- 
prises a tubular fuel and air mixing duct, the air injector 
means being circumferentially spaced apart. 
[0017] Preferably the fuel injector means is arranged 
at the upstream end of the fuel and air mixing duct and 
the air injector means are arranged downstream of the 
fuel injector means. 

[0018] Alternatively the fuel injector means is ar- 
ranged between the upstream end and the downstream 
end of the at least one fuel and air mixing duct, a portion 
of the air injector means are arranged upstream of the 
fuel injector means and a portion of the air injector 
means are arranged downstream of the fuel injector 
means. 



[0019] Preferably each air injector means at the 
downstream end of the fuel and air mixing duct is ar- 
ranged to supply more air into the. fuel and air mixing 
duct than said air injector means at the upstream end of 

5 the fuel and air mixing duct. 

[0020] Preferably each air injector means at a first po- 
sition in the direction of flow through the fuel and air mix- 
ing duct is arranged to supply more air into the fuel and 
air mixing duct than said air injector means upstream of 

10 the first position in the fuel and air mixing duct. 

[0021] Preferably each air injector means at the first 
position in the fuel and air mixing duct is arranged to 
supply less air into the fuel and air mixing duct than said 
air injector means downstream of the first position in the 

15 fuel and air mixing duct. 

[0022] Preferably the volume of the fuel and air mixing 
duct being arranged such that the average travel time 
from the fuel injection means to the downstream end of 
the fuel and air mixing duct is greater than the time pe- 

20 hod of the fluctuation. 

[0023] Preferably the volume of the fuel and air mixing 
duct being arranged such that the length of the fuel and 
air mixing duct multiplied by the frequency of the fluctu- 
ations divided by the velocity of the fuel and air leaving 

25 the downstream end of the fuel and air mixing duct is at 
least one. 

[0024] Preferably the volume of the fuel and air mixing 
duct being arranged such that the length of the fuel and 
air mixing duct multiplied by the frequency of the fluctu- 
30 ations divided by the velocity of the fuel and air leaving 
the downstream end of the fuel and air mixing duct is at 
least two. 

[0025] Preferably the plurality of air injectors extend 
in the direction of flow through the at least one fuel and 
35 air mixing duct over a length equal to half the wavelength 
of the fluctuations of the air supplied to the at least one 
fuel and air mixing duct. 

[0026] Preferably the length of an air injector in the 
direction of flow through the at least one fuel and air mix- 

^0 jng duct multiplied by the frequency of the fluctuations 
divided by the velocity of the fuel and air inside the at 
least one mixing duct is at least one. 
[0027] Preferably the length of an air injector in the 
direction of flow through the at least one fuel and air mix- 

45 ing duct multiplied by the frequency of the fluctuations 
divided by the average velocity of the fuel and air inside 
the at least one mixing duct is at least two. 
[0028] Preferably the at least one fuel and air mixing 
duct comprises a swirler. Preferably the swirler is a ra- 

50 dial flow swirler. 

[0029] The present invention also provides a fuel and 
air mixing duct for a combustion chamber, the fuel and 
air mixing duct comprising fuel injection means for sup- 
plying fuel into the fuel and air mixing duct, air injection 

55 means for supplying air into the fuel and air mixing duct, 
the air injection means comprising a plurality of air in- 
jectors spaced apart transversely to the direction of flow 
through the fuel and air mixing duct, the air injectors 
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comprise a plurality of slots extending in the direction of 
flow through the fuel and air mixing duct. 
[0030] The present invention will be more fully de- 
scribed by way of example with reference to the accom- 
panying drawings, in which:- 

Figure 1 is a view of a gas turbine engine having a 
combustion chamber according to the present in- 
vention. 

Figure 2 is an enlarged longitudinal cross-sectional 
view through the combustion chamber shown in fig- 
ure 1 . 

Figure 3 is an enlarged cross-sectional view of part 
of the primary fuel and air mixing duct shown in fig- 
ure 2. 

Figure 4 is an enlarged cross-sectional view of part 
of the secondary fuel and air mixing duct shown in 
figure 2. 

Figure 5 is a cross-sectional view of an alternative 
fuel and air mixing duct. 

Figure 6 is a cross-sectional view in the direction of 
arrows W-W in figure 5. 

Figure 7 is a cross-sectional view in the direction of 
arrows X-X in figure 5. 

Figure 8 is a cross-sectional view of an alternative 
fuel and air mixing duct. 

Figure 9 is a cross-sectional view in the direction of 
arrows Y-Y in figure 8. 

Figure 10 is a cross-sectional view in the direction 
of arrows Z-Z in figure 8. 

Figure 11 is a graph comparing the fuel to air ratio 
fluctuation with radial distance in a radial flow fuel 
and air mixing duct according to the present inven- 
tion and a radial flow fuel and air mixing duct ac- 
cording to the prior art. 

Figure 1 2 is a graph of the fuel to air ratio of a fuel 
and air mixing duct according to the present inven- 
tion divided by the fuel to air ratio of a fuel and air 
mixing duct according to the prior art against the fre- 
quency of fluctuation multiplied by the length of the 
fuel and air mixing duct divided by the velocity of 
the fuel and air mixture leaving the fuel and air mix- 
ing duct. 

Figure 13 is a cross-sectional view of an alternative 
fuel and air mixing duct. 

Figure 14 is cross-sectional view in the direction of 
arrows T-T in figure 13. 

Figure 15 is a cross-sectional view of a further fuel 
and air mixing duct. 

Figure 16 is a graph of the fuel to air ratio of fuel 
and air mixing ducts according to the present inven- 
tion against the frequency of the fluctuation multi- 
plied by the length of the fuel and air mixing duct 
divided by the velocity of the fuel and air mixture 
leaving the fuel and air mixing duct. 

[0031] An industrial gas turbine engine 10, shown in 
figure 1 , comprises in axial flow series an inlet 1 2, a com- 
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pressor section 14, a combustion chamber assembly 
1 6, a turbine section 1 8, a power turbine section 20 and 
an exhaust 22. The turbine section 18 is arranged to 
drive the compressor section 14 via one or more shafts 

5 (not shown). The power turbine section 20 is arranged 
to drive an electrical generator 26 via a shaft 24. The 
operation of the gas turbine engine 10 is quite conven- 
tional, and will not be discussed further. Alternatively, 
the turbine section 1 8 may drive part of the compressor 

10 section 1 4 vja a shaft (not shown) and the power turbine 
section 20 may be arranged to drive part of the com- 
pressor section 14 via a shaft (not shown) and is ar- 
ranged to drive an electrical generator 26 via a shaft 24. 
However, the power turbine section 20 may be arranged 

15 to provide drive for other purposes. 

[0032] The combustion chamber assembly 16 is 
shown more clearly in figures 2, 3 and 4. The combus- 
tion chamber assembly 16 comprises a plurality of, for 
example eight or nine, equally circumferentially spaced 

20 tubular combustion chambers 28. The axes of the tubu- 
lar combustion chambers 28 are arranged to extend in 
generally radial directions. The inlets of the tubular com- 
bustion chambers 28 are at their radially outermost ends 
and their outlets are at their radially innermost ends. 

25 [0033] Each of the tubular combustion chambers 28 
comprises an upstream wall 30 secured to the upstream 
end of an annular wall 32. A first, upstream, portion 34 
of the annular wall 32 defines a primary combustion 
zone 36, a second, intermediate, portion 38 of the an- 

30 nular wall 32 defines a secondary combustion zone 40 
and a third, downstream, portion 42 of the annular wall 
32 defines a tertiary combustion zone 44. The second 
portion 38 of the annular wall 32 has a greater diameter 
than the first portion 34 of the annular wall 32 and sim- 

35 iiarly the third portion 42 of the annular wall 32 has a 
greater diameter than the second portion 38 of the an- 
nular wall 32. 

[0034] A plurality of equally circumferentially spaced 
transition ducts 46 are provided, and each of the transi- 

40 tion ducts 46 has a circular cross-section at its upstream 
end 48. The upstream end 48 of each of the transition 
ducts 46 is located coaxially with the downstream end 
of a corresponding one of thetubular combustion cham- 
bers 28, and each of the transition ducts 46 connects 

4 5 and seals with an angular section of the nozzle guide 
vanes. 

[0035] The upstream wall 30 of each of the tubular 
combustion chambers 28 has an aperture 50 to allow 
the supply of air and fuel into the primary combustion 

50 zone 36. A radial flow swirler 52 is arranged coaxially 
with the aperture 50 in the upstream wall 30. 
[0036] A plurality of fuel injectors 56 are positioned in 
a primary fuel and air mixing duct 54 formed upstream 
of the radial flow swirler 52. The walls 58 and 60 of the 

55 primary fuel and air mixing duct 54 are provided with a 
plurality of circumferentially spaced slots 62 and 64 re- 
spectively which form a primary air intake to supply air 
into the primary fuel and air mixing duct 54. Each cir- 
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cumferentiatly spaced slot 62 and 64 extends radially, 
longitudinally, in the direction of flow, of the primary fuel 
and air mixing duct 54 over a distance D. The slots 62 
and 64 extend purely radially. 

[0037] A central pilot igniter 66 is positioned coaxially 
with the aperture 50. The pilot igniter 66 defines a down- 
stream portion of the primary fuel and air mixing duct 54 
for the flow of the fuel and air mixture from the radial 
flow swirler52 into the primary combustion zone 36. The 
pilot igniter 66 turns the fuel and air mixture flowing from 
the radial flow swirler 52 from a radial direction to an 
axial direction. The primary fuel and air is mixed together 
in the primary fuel and air mixing duct 54. 
[0038] The primary fuel and air mixing duct 54 reduc- 
es in cross-sectional area from the intake 62, 64 at its 
upstream end to the aperture 50 at its downstream end. 
The shape of the primary fuel and air mixing duct 54 
produces a constantly accelerating flow through the 
duct 54. 

[0039] The fuel injectors 56 are supplied with fuel from 
a primary fuel manifold 68. 

[0040] An annular secondary fuel and air mixing duct 
70 is provided for each of the tubular combustion cham- 
bers 28. Each secondary fuel and air mixing duct 70 is 
arranged circumf erentially around the primary combus- 
tion zone 36 of the corresponding tubular combustion 
chamber 28. Each of the secondary fuel and air mixing 
ducts 70 is defined between a second annular wall 72 
and a third annular wall 74. The second annular wall 72 
defines the inner extremity of the secondary fuel and air 
mixing duct 70 and the third annular wall 74 defines the 
outer extremity of the secondary fuel and air mixing duct 
70. The second annular wall 72 of the secondary fuel 
and air mixing duct 70 has a plurality of circumf erentially 
spaced slots 76 which form a secondary air intake to the 
secondary fuel and air mixing duct 70. Each circumfer- 
entially spaced slot 76 extends axially, longitudinally, in 
the direction of flow, of the secondary fuel and air mixing 
duct 70. The slots 76 extend purely axially. 
[0041] At the downstream end of the secondary fuel 
and air mixing duct 70, the second and third annular 
walls 72 and 74 respectively are secured to a f rustocon- 
ical wall portion 78 interconnecting the wall portions 34 
and 38. The frustoconical wall portion 78 is provided with 
a plurality of apertures 80. The apertures 80 are ar- 
ranged to direct the fuel and air mixture into the second- 
ary combustion zone 40 in a downstream direction to- 
wards the axis of the tubular combustion chamber 28. 
The apertures 80 may be circular or slots and are of 
equal flow area. 

[0042] The secondary fuel and air mixing duct 70 re- 
duces in cross-sectional area from the intake 76 at its 
upstream end to the apertures 80 at its downstream end. 
The shape of the secondary fuel and air mixing duct 70 
produces a constantly accelerating flow through the 
duct 70. 

[0043] A plurality of secondary fuel systems 82 are 
provided, to supply fuel to the secondary fuel and air 



mixing ducts 70 of each of the tubular combustion cham- 
bers 28. The secondary fuel system 82 for each tubular 
combustion chamber 28 comprises an annular second- 
ary fuel manifold 84 arranged coaxially with the tubular 
5 combustion chamber 28 at the upstream end of the sec- 
ondary fuel and air mixing duct 70 of the tubular com- 
bustion chamber 28. Each secondary fuel manifold 84 
has a plurality, for example thirty two, of eq ui -circumf er- 
entially-spaced secondary fuel apertures 86. Each of 

to the secondary fuel apertures 86 directs the fuel axially 
of the tubular combustion chamber 28 onto an annular 
splash plate 88. The fuel flows from the splash plate 88 
through an annular passage 90 in a downstream direc- 
tion into the secondary fuel and air mixing duct 70 as an 

is annular sheet of fuel. 

[0044] An annular tertiary fuel and air mixing duct 92 
is provided for each of the tubular combustion chambers 
28. Each tertiary fuel and air mixing duct 92 is arranged 
circumferentially around the secondary combustion 

20 zone 40 of the corresponding tubular combustion cham- 
ber 28. Each of the tertiary fuel and air mixing ducts 92 
is defined between a fourth annular wall 94 and a fifth 
annular wall 96. The fourth annular wall 94 defines the 
inner extremity of the tertiary fuel and air mixing duct 92 

25 and the fifth annular wall 96 defines the outer extremity 
of the tertiary fuel and air mixing duct 92. The tertiary 
fuel and air mixing duct 92 has a plurality of circumfer- 
entially spaced slots 98 which form a tertiary air intake 
to the tertiary fuel and air mixing duct 92. Each circum- 

30 ferentially spaced slot 98 extends axially, longitudinally, 
in the direction of flow, of the tertiary fuel and air mixing 
duct 92. The slots 98 extend purely axially. 
[0045] At the downstream end of the tertiary fuel and 
air mixing duct 92, the fourth and fifth annular walls 94 

35 and 96 respectively are secured to a frustoconical wall 
portion 1 00 interconnecting the wall portions 38 and 42. 
The frustoconical wall portion 1 00 is provided with a plu- 
rality of apertures 102. The apertures 102 are arranged 
to direct the fuel and air mixture into the tertiary com- 

40 bustion zone 44 in a downstream direction towards the 
axis of the tubular combustion chamber 28. The aper- 
tures 1 02 may be circular or slots and are of equal flow 
area. 

[0046] The tertiary fuel and air mixing duct 92 reduces 
in cross-sectional area from the intake 98 at its upstream 
end to the apertures 102 at its downstream end. The 
shape of the tertiary fuel and air mixing duct 92 pioduces 
a constantly accelerating flow through the duct 92. 
[0047] A plurality of tertiary fuel systems 1 04 are pro- 

50 vided, to supply fuel to the tertiary fuel and air mixing 
ducts 92 of each of the tubular combustion chambers 
28. The tertiary fuel system 104 for each tubular com- 
bustion chamber 28 comprises an annular tertiary fuel 
manifold 106 positioned at the upstream end of the ter- 

55 tiary fuel and air mixing duct 92. Each tertiary fuel man- 
ifold 106 has a plurality, for example thirty two, of equi- 
circumferentially spaced tertiary fuel apertures 108. 
Each of the tertiary fuel apertures 108 directs the fuel 
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axially of the tubular combustion chamber 28 onto an 
annular splash plate 110. The fuel flows from the splash 
plate 110 through the annular passage 112 in a down- 
stream direction into the tertiary fuel and air mixing duct 
92 as an annular sheet of fuel. 

[0048] As discussed previously the fuel and air sup- 
plied to the combustion zones is premixed and each of 
the combustion zones 36, 40 and 44 is arranged to pro- 
vide lean combustion to minimise NOx. The products of 
combustion from the primary combustion zone 36 flow 
into the secondary combustion zone 40 and the prod- 
ucts of combustion from the secondary combustion 
zone 40 flow into the tertiary combustion zone 44. 
[0049] Some of the air, indicated by arrow A, for pri- 
mary combustion flows to a chamber 114 and this flow 
through the slots 62 in wall 58 into the primary fuel and 
air mixing duct 54. The remainder of the air, indicated 
by arrow B, for primary combustion flows to a chamber 
116 and this flow through the slots 60 in wall 56 into the 
primary fuel and air mixing duct 54. The air, indicated by 
arrow C, for secondary combustion flows to the chamber 
116 and this flow through the slots 76 in wall 72 into the 
secondary fuel and air mixing duct 70. The air, indicated 
by arrow E, fortertiary combustion flows to the chamber 
1 1 8 and this flow through the slots 98 in wall 94 into the 
tertiary fuel and air mixing duct 92. 
[0050] The combustion process amplifies the pres- 
sure fluctuations for the reasons discussed previously 
and may cause components of the gas turbine engine 
to become damaged if they have a natural frequency of 
a vibration mode coinciding with the frequency of the 
pressure fluctuations. Alternatively the amplitude of the 
pressure fluctuations may be sufficiently great to cause 
damage to the components of the gas turbine engine. 
[0051] The pressure fluctuations, or pressure waves, 
in the combustion chamber produce fluctuations in the 
fuel to air ratio at the exit of the fuel and air mixing ducts. 
The pressure fluctuations in the airflow and the constant 
supply of fuel into the fuel and air mixing ducts of the 
tubular combustion chambers results in the fluctuating 
fuel to air ratio at the exit of the fuel and air mixing ducts. 
[0052] Consider the equation: - 

Au/U = 1/M x Ap/P 

Where U is the velocity of the air, M is the mass, P is the 
pressure, Au is the change in velocity, Ap is the change 
in pressure, FAR is the fuel to air ratio and A(FAR) is the 
change in the fuel to air ratio. 

[0053] Thus in a typical fuel and air mixing duct, if Ap/ 
P is about 1%, then Au/U is about 30% and hence the 
A(FAR)/FAR is about 30% into the combustion chamber 
[0054] The present invention seeks to provide a fuel 
and air mixing duct which supplies a mixture of fuel and 
air into the combustion chamber at a more constant fuel 
to air ratio. The present invention provides at least one 
point of fuel injection into the fuel and air mixing duct 



10 

and a plurality of points of air injection into the fuel and 
air mixing duct. The air injection points are spaced apart 
longitudinally, along the slots, in the direction of flow of 
the fuel and air mixing duct. The pressure of the air at 

5 the longitudinally spaced air injection points at any in- 
stant in time is different. Thus as the fuel and air mixture 
flows along the fuel and air mixing duct the fuel and air 
mixture becomes weaker due to the additional air. More 
importantly the maximum difference between the actual 

10 fuel to air ratio and the average fuel to air ratio becomes 
relatively low, see line F in figure 11. However for a sin- 
gle fuel injection point and a single air injection point the 
maximum difference between the actual fuel to air ratio 
and the average fuel to air ratio remains relatively high, 

15 see line G in figure 1 1 . 

[0055] A single point of fuel injection means that there 
is one or more fuel injectors arranged at the same dis- 
tance from the combustion zone, or alternatively one or 
more fuel injectors are arranged al a fixed time delay 

20 from the combustion zone. Thus the fuel injectors are 
arranged at a position such that the time of travel from 
the point of fuel injection to the combustion zone is the 
same for all of the fuel injectors. 

[0056] Calculations show, see figure 12, that the var- 
25 iation in the fuel to air ratio for a fuel and air mixing duct 
with a single fuel injection point and multiple air injection 
points are a few percent of the variation in the fuel to air 
ratio for a fuel and air mixing duct with a single fuel in- 
jection point and a single air injection point if the volume 
30 of the fuel and air mixing duct is such that the following 
equation is satisfied 

LF/U>X 

35 

Where L is the length of the fuel and air mixing duct, F 
is the frequency, U is the exit velocity of the fuel and air 
mixture and X is a number greater than 2. The greater 
the number X, the lower the variation in the fuel to air 

40 ratio. For example with X = 2. the variation is about 7%, 
for X = 3, the variation is about 4%, for X = 4, the variation 
is about 3%. Preferably X is a number greater than 3, 
more preferably X is a number greater than 4 and more 
preferably X is a number greater than 5. 

45 [0057] For a tubular combustion chamber, the fre- 
quency of the lowest acoustic mode of the combustion 
chamber is 

50 F = 

Where F is the frequency of the pressure fluctuations, c 
is the average speed of sound inside the combustion 
chamber and L is the overall length of the tubular com- 
55 bustion chamber. 

[0058] For an annular combustion chamber, the fre- 
quency of the lowest acoustic mode of the combustion 
chamber is 
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F = c/nD 

Where F is the frequency of the pressure fluctuations, c 
is the average speed of sound inside the combustion 
chamber and D is the diameter of the annular combus- 
tion chamber. 

[0059] For the present invention to work effectively 
the air injectors, slots, need to extend over a length X 
such that 

FX/U > 1 

Where X is the length of the slots and U is the average 
velocity of the air inside the mixing duct. Preferably FX/ 

U > 2. 

[0060] This results in the following design rules, for a 
tubular combustion chamber X > 4LU/c or more prefer- 
ably X > 8LU/c and for an annular combustion chamber 
X > nDU/c or more preferably X > 2tiDU/c. 
[0061] The above equations indicate that as the op- 
erating temperature of the combustion chamber in- 
creases, the speed of sound increases and therefore the 
amount of damping by the invention increases. This is 
an advantage of the present invention. 
[0062] The progressive introduction of air along the 
length of the fuel and air mixing duct through the slots 
results in a number of physical mechanisms which con- 
tribute to the reduction, preferably elimination, of the 
pressure fluctuations, pressure waves or instabilities, in 
the combustion chamber. The physical mechanisms are 
the creation of a low velocity region, integration of the 
fuel to air ratio fluctuations; damping of pressure waves 
and destruction of phase relationships. The advantage 
of the slots over apertures is that there is a narrow res- 
idence time distribution, hence a reduced risk of autoig- 
nition of the fuel, while maintaining excellent fuel to air 
ratio characteristics. 

[0063] The airflow in the vicinity of the fuel injector ex- 
periences fluctuations in its bulk velocity due to the pres- 
sure fluctuations in the fuel and air mixing duct. This cre- 
ates a local fluctuation in fuel concentration, a local fuel 
to air ratio, which then flows downstream at the bulk ve- 
locity of the air in the fuel and air mixing duct. Due to the 
mixing of the fuel and air in the fuel and air mixing duct 
these fuel to air ratio fluctuations normally diffuse out, 
although the process is quite slow. However, if the local 
convective velocity is low and the local turbulent inten- 
sity is high, as in the present invention, any fuel to air 
ratio fluctuations arc substantially dissipated by the time 
the fuel to air ratio fluctuations reach the combustion 
chamber. 

[0064] Any fluctuation in the local fuel to air ratio in 
the vicinity of the fuel injector flows downstream and the 
progressive introduction of air along the length of the 
fuel and air mixing duct integrates out any fluctuations 
in the local fuel to air ratio due to the fuel injector. This 



is because the pressure of the air supplied along the 
length of the slots of air injectors fluctuates with time. If 
the average time of travel of a fluid particle from the vi- 
cinity of the fuel injector to the downstream end of the 
5 fuel and air mixing duct is longer than the time period of 
the pressure fluctuations, then the fluid particle originat- 
ing from the vicinity of the fuel injector is subjected to a 
number of cycles of becoming leaner and richer that av- 
erage out the initial fuel concentration fluctuation. This 
10 determines the spatial extent of the air injectors, i.e. the 
length D of the fuel and air mixing duct containing air 
injectors. This also determines the width, or cross-sec- 
tional area, of the fuel and air mixing duct as this affects 
the total residence time in the fuel and air mixing duct. 
[0065] The average air velocity through the slots is 
chosen so that the air injectors or slots are sensitive to 
pressure fluctuations originating in the combustion 
chamber. As a pressure wave propagates from the 
downstream end of the fuel and air mixing duct towards 
the fuel injector it progressively loses amplitude be- 
cause energy is used fluctuating the air pressure in the 
air injectors. This reduces the possibility of the pressure 
fluctuations producing a local fuel to air ratio fluctuation 
in the vicinity of the fuel injector. This also completely 
changes the coupling between the interior and exterior 
of the combustion chamber. 

[0066] A consistent relationship is required between 
the pressure fluctuations inside the combustion cham- 
ber and the fluctuations in the chemical energy supplied 
to the combustion chamber in order for the occurrence 
of combustion instability. The chemical energy input to 
the combustion chamber is proportional to the strength 
of the fuel and air mixture supplied to the combustion 
chamber and the air velocity at the exit of the fuel and 
air mixing duct. The plurality of air injectors integrate out 
the pressure fluctuations and the fluctuations in the 
strength of the fuel and air mixture. Also any fuel to air 
ratio fluctuations present at the downstream end of the 
fuel and air mixing duct are uncorrelated with the pres- 
sure fluctuations that produced them. The possibility of 
positive reinforcement of pressure fluctuations or fuel to 
air ratio fluctuations is reduced. 
[0067] Mixing of the fuel and air in the fuel and air mix- 
ing duct is achieved by the vortex flow set in motion by 
the slots. 

[0068] A further advantage of the use of slots as air 
injectors is that the risk of auto ignition of the fuel is re- 
duced because the fuel residence time in the fuel and 
air mixing duct is less uncertain than with a plurality of 
spaced apertures. The slots eliminate the wakes and 
boundary layer transverse vortices formed by the dis- 
crete apertures in cross flow relationship. The slots are 
preferably staggered on opposite walls to avoid a stag- 
nation zone on the wall opposite a slot. The slots are 
made as narrow as possible in order to reduce the wake 
at the trailing edge of the slot, typically the slots have a 
width of Imm. The distance between slots is about the 
same as the distance between the walls of the fuel and 
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air mixing duct. The slots are aligned with the direction 
of flow of the fuel and air mixture to avoid the formation 
of stagnant zones in the wakes of the slots. 
[0069] Another advantage is that the slots create 
large scale vortex motion which promotes effective mix- 
ing of the fuel and air in the fuel and air mixing duct. 
[0070] Another advantage is that it is easier to make 
a small number of slots than a larger number of aper- 
tures. 

[0071] Another fuel and air mixing duct 120 according 
to the present invention is shown in figures 5, 6 and 7. 
A rectangular cross-section fuel and air mixing duct 1 20 
comprises four sidewalls 122, 124, 126 and 128. The 
walls 124 and 126 have a plurality of transversely 
spaced slots 130 and 132 respectively which form an 
air intake to the fuel and air mixing duct 120. The slots 
1 30 and 1 32 extend longitudinally of the fuel and air mix- 
ing duct 1 20. The slots 1 30 in the wall 1 24 are staggered 
from the slots 132 in the wall 128 so thai each slot 130 
in the wall 124 is equi-distant from two adjacent slots 
132 in the wall 128 and visa-versa. A single fuel injector 
1 40 is provided to supply fuel into the upstream end 1 34 
of the fuel and air mixing duct 1 20. The fuel injector 1 40 
is supplied with fuel from a fuel manifold 138. 
[0072] A further fuel and air mixing duct 1 50 according 
to the present invention is shown in figures 8, 9 and 1 0. 
A circular cross-section fuel and air mixing duct 150 
comprises a tubular wall 1 52 which has a plurality of cir- 
cumferentially spaced slots 154 which form an air intake 
to the fuel and air mixing duct 1 50. The slots 1 54 extend 
longitudinally, axially. of the fuel and air mixing duct 1 50. 
A single fuel injector 160 is provided to supply fuel into 
the upstream end 156 of the fuel and air mixing duct 
150. The fuel injector 160 is supplied with fuel from a 
fuel manifold. 

[0073] Another primary fuel and air mixing duct 170 
according to the present invention is shown in figures 
1 3 and 1 4 . The primary fuel and air mixing duct 1 70 com- 
prises walls 1 74 and 1 76 which are provided with a plu- 
rality of circumferentially spaced radially extending slots 
1 78 and 1 80 respectively which form a primary air intake 
to supply air into the primary fuel and air mixing duct 
170. The slots 178 in the wall 174 are staggered from 
the slots 1 80 in the wall 1 76 so that each slot 1 78 in the 
wall 174 is equi-distant from two adjacent slots 180 in 
the wall 176 and visa-versa. The primary fuel and air 
mixing duct 1 70 also has a plurality of fuel injectors 1 72 
positioned in the primary fuel and air mixing duct 1 70 
upstream of the slots 1 78 and 1 80. Additionally a plural- 
ity of circumferentially spaced apertures 1 82 are provid- 
ed to form part of the primary air intake upstream of the 
fuel injectors 172. The apertures 182 supply up to 40% 
of the primary air upstream of the fuel injectors 1 72. The 
apertures 182 are provided to prevent the formation of 
a stagnant zone, a zone with no net velocity, at the up- 
stream end of the primary fuel and air mixing duct 1 70. 
The stagnant zone mainly consists of fuel and a small 
fraction of air, in operation, which results in long resi- 



dence times for the fuel with an increased risk of auto 
ignition of the fuel in the primary fuel and air mixing duct 
170. The apertures 182 minimise the risk of auto igni- 
tion. The primary fuel and air mixing duct 170 also in- 

5 creases in cross-sectional area, as shown, in a down- 
stream direction. The introduction of air upstream of the 
fuel injectors 172 only has a minor effect on the fuel to 
air ratio as shown in figure 16, where line H indicates 
the fluctuation in the amplitude of the fuel to air ratio in 

10 figure 3 and line I indicates the fluctuation in the ampli- 
tude of the fuel to air ratio in figures 13 and 14. 
[0074] A further secondary fuel and air mixing duct 
1 90 according to the present invention is shown in figure 
15 and (s similar to that shown in figure 4. The secondary 

15 fuel and air mixing duct 190 comprises inner annular 
wall 1 94 and outer annular wall 1 96. The inner and outer 
annular walls 194 and 196 are provided with a plurality 
of circumferentially spaced and axially extending slots 
198 and 200 respectively which form a secondary air 

20 intake to supply air into the secondary fuel and air mixing 
duct 190. The secondary fuel and air mixing duct 190 
also has an annular fuel injector slot 192 positioned in 
the secondary fuel and air mixing duct 1 90 upstream of 
the slots 1 98 and 200. Additionally a plurality of circum- 

25 ferentially spaced apertures 202 are provided to form 
part of the secondary air intake upstream of the fuel in- 
jector slot 1 92. The apertures 202 may supply up to 20% 
of the secondary air, preferably up to 10% of the sec- 
ondary air. The apertures 202 also prevent the formation 

30 of a stagnant zone and auto ignition, at the upstream 
end of the secondary fuel and air mixing duct 1 90. The 
secondary fuel and air mixing duct 190 also increases 
in cross-sectional area, as shown, in a downstream di- 
rection. A similar arrangement of additional apertures 

35 may be applied to the tertiary fuel and air mixing duct to 
prevent the formation of a stagnant zone and auto igni- 
tion. It has now been found that the total effective area 
of the slots has to be small enough such that the air ve- 
locity through the slots is sufficiently large to tolerate ex- 

40 ternal aerodynamic disturbances. 

[0075] The upstream ends of the slots may be posi- 
tioned upstream of the fuel injectors to avoid fuel being 
trapped upstream of a vortex associated with the up- 
stream edge of a blunt body or air jet. 

^5 [0076] The slots in the walls of the fuel and air mixing 
duct may be arranged perpendicularly to the walls of the 
fuel and air mixing duel or at any other suitable angle. 
[0077] The fuel supplied by the fuel injector may be a 
liquid fuel or a gaseous fuel. 

50 [0078] The invention is also applicable to other fuel 
and air mixing ducts. For example the fuel and air mixing 
ducts may comprise any suitable shape, or cross-sec- 
tion, as long as there are a plurality of points of injection 
of air arranged longitudinally in a slot, in the direction of 

55 flow through the fuel and air mixing duct, into the fuel 
and air mixing duct. The slots may be provided in any 
one or more of the walls defining the fuel and air mixing 
duct. 
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[0079] The invention is also applicable to other air in- 
jectors, for example hollow slotted members may be 
provided which extend into the fuel and air mixing duct 
to supply air into the fuel and air mixing duct. 5. 
[0080] The fuel and air mixing duct may have a swirler, 5 
alternatively it may not have a swirler. The fuel and air 
mixing duct may have two coaxial counter swirling swirl- 
ers. The swirler may be an axial flow swirler. 
[0081] Although the invention has referred to an in- 6. 
dustrial gas turbine engine it is equally applicable to an 10 
aero gas turbine engine or a marine gas turbine engine. 



Claims 7. 

15 

1 . A combustion chamber (28) comprising at least one 
combustion zone (36,40,44) defined by at least one 
peripheral wall (32), at least one fuel and air mixing 
duel (54,70,92) for supplying a fuel and air mixture 8. 
to the at least one combustion zone (36,40,44), the 20 
at least one fuel and air mixing duct (54,70,92) hav- 
ing an upstream end and a downstream end, fuel 
injection means (56,90,112) for supplying fuel into 
the at least one fuel and air mixing duct (54,70.92), 
air injection means (62,64,76,98) for supplying air 25 
into the at least one fuel and air mixing duct 9. 
(54,70,92), the pressure of the air supplied to the at 
least one fuel and air mixing duct (54,70,92) fluctu- 
ating, characterised in that the air injection means 
(62,64,76,98) comprising a plurality of air injectors 30 
(62,64,76,98) spaced apart transversely to the di- 
rection of flow through the at least one fuel and air 
mixing duct (54,70,98), each air injector 10. 
(62,64,76,98) comprising a slot extending in the di- 
rection of flow through the at least one fuel and air 35 
mixing duct (54,70,98) to reduce the magnitude of 
the fluctuations in the fuel to air ratio of the fuel and 
air mixture supplied into the at least one combustion 
zone (36,40,44). 



downstream of the secondary combustion zone 
(40). 

A combustion chamber as claimed in claim 3 or 
claim 4 wherein the at least one fuel and air mixing 
duct (54) supplies fuel and air into the primary com- 
bustion zone (36). 

A combustion chamber as claimed in claim 3 or 
claim 4 wherein the at least one fuel and air mixing 
duct (70) supplies fuel and air into the secondary 
combustion zone (40). 

A combustion chamber as claimed in claim 4 where- 
in the at least one fuel and air mixing duct (92) sup- 
plies fuel and air into the tertiary combustion zone 
(44). 

A combustion chamber as claimed in any of claims 
1 to 7 wheicin the at least one fuel and air mixing 
duct (70.92) comprises a single annular fuel and air 
mixing duct, the air injection means (76,98) being 
circumferentially spaced apart and the air injection 
means (76f>8) extending axially. 

A combustion chamber as claimed in claim 8 where- 
in the annular fuel and air mixing duct (70,92) com- 
prises an inner annular wall (72,94) and an outer 
annular wall (74.96). the air injector means (76,98) 
being provided in at least one of the inner and outer 
annular walls (72.94.74.96). 

A combustion chamber as claimed in claim 9 where- 
in the air injector means (76,98) are arranged in the 
inner and outer annular walls (72,94,74,96). 



40 

A combustion chamber as claimed in claim 1 where- 
in the at least one fuel and air mixing duct (54,70,92) 
comprises at least one wall (58,60,72,74,94,96), 
the air injectors (62,64,76,98) comprise a plurality 
of slots extending through the wall 45 
(58,60,72,74,94,96). 



A combustion chamber as claimed in any of claim 
1 or claim 2 wherein the combustion chamber com- 13. 
prises a primary combustion zone (36) and a sec- 50 
ondary combustion zone (40) downstream of the 
primary combustion zone (36). 

A combustion chamber as claimed in claim 3 where- 
in the combustion chamber (28) comprises a prima- 55 
ry combustion zone (36), a secondary combustion 14. 
zone (40) downstream of the primary combustion 
zone (36) and a tertiary combustion zone (44) 



11. A combustion chamber as claimed in claim 10 
wherein the air injection means in the inner annular 
wall are staggered circumferentially with respect to 
the air injection means in the outer annular wall. 

12. A combustion chamber as claimed in any of claims 
1 to 7 wherein the fuel and air mixing duct (54) com- 
prises a radial fuel and air mixing duct, the air injec- 
tion means (62.64) being circumferentially spaced 
apart and the air injection means (62,64) extending 
radially. 



A combustion chamber as claimed in claim 12 
wherein the radial fuel and air mixing duct (54) com- 
prises a first radial wall (58) and a second radial wall 
(60), the air injector means (62,64) being provided 
in at least one of the first and second radial walls 
(58,60). 

A combustion chamber as claimed in claim 13 
wherein the air injector means (62,64) are provided 
in the first and second radial walls (58,60). 
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15. A combustion chamber as claimed in claim 13 
wherein the air injection means (62) in the first radial 
wall (58) are staggered circumferentially with re- 
spect to the air injection means (64) in the second 
radial wall (60). 5 

16. A combustion chamber as claimed in any of claims 
1 to 7 wherein the fuel and air mixing duct (150) 
comprises a tubular fuel and air mixing duct, the air 
injector means (154) being circumferentially 10 
spaced apart and the air injection means (154) ex- 
tending axially. 

17. A combustion chamber as claimed in any of claims 

1 to 16 wherein the fuel injector means is 
(56,90,1 1 2,1 60) is arranged at the upstream end of 
the fuel and air mixing duct (54,70,92 : 1 50) and the 
air injector means (62,64,76,98,154) are arranged 
downstream of the fuel injector means 
(56,90,112,160). 20 

18. A combustion chamber as claimed in any of claims 
1 to 17 wherein the fuel injector means (172) is ar- 
ranged between the upstream end and the down- 
stream end of the at least one fuel and air mixing 25 
duct (1 70), at least a portion ( 1 82) of the air injector 
means ( 1 78, 1 80, 1 82) are arranged upstream of the 
fuel injector means (172) and at least a portion 
(178,180) of the air injector means (178,180,182) 

are arranged downstream of the fuel injector means 30 
(172). 

19. A combustion chamber as claimed in any of claims 
1 to 1 8 wherein each air injector means at the down- 
stream end of the fuel and air mixing duct is ar- 35 
ranged to supply more air into the fuel and air mixing 
duct than each air injector means at the upstream 
end of the fuel and air mixing duct. 

20. A combustion chamber as claimed in any of claims *o 
1 to 19 wherein each air injector means at a first 
position in the direction of flow through the fuel and 

air mixing duct is arranged to supply more air into 
the fuel and air mixing duct than said air injector 
means upstream of the first position in the fuel and <*5 
air mixing duct. 

21. A combustion chamber as claimed in claim 20 
wherein each air injector means at the first position 

in the fuel and air mixing duct is arranged to supply so 
less air into the fuel and air mixing duct than said 
air injector means downstream of the first position 
in the fuel and air mixing duct. 

22. A combustion chamber as claimed in any of claims 55 
1 to 21 wherein the volume of the fuel and airmixing 
duct (54,70,92) being arranged such that the aver- 
age travel time from the fuel injection means 



18 

(56,90,112) to the downstream end of the fuel and 
air mixing duct (54,70,92) is greater than the time 
period of the fluctuation. 

23. A combustion chamber as claimed in any of claims 
1 to 21 wherein the volume of the fuel and air mixing 
duct (54,70,92) being arranged such that the length 
of the fuel and air mixing duct (54,70.92) multiplied 
by the frequency of the fluctuations divided by the 
velocity of the fuel and air leaving the downstream 
end of the fuel and air mixing duct (54,70,92) is at 
least one. 

24. A combustion chamber as claimed in claim 23 
wherein the volume of the fuel and air mixing duct 
(54,70,92) being arranged such that the length of 
the fuel and air mixing duct (54,70,92) multiplied by 
the frequency of the fluctuations divided by the ve- 
locity of the fuel and air leaving the downstream end 
of the fuel and air mixing duct (54 : 70,92) is at least 
two. 

25. A combustion chamber as claimed in any of claims 
1 to 21 wherein the plurality of air injectors 
(62,64,76,98) extend in the direction of flow through 
the at least one fuel and air mixing duct (54,70,98) 
over a length (D) equal to half the wavelength of the 
fluctuations of the air supplied to the at least one 
fuel and air mixing duct (54,70,92). 

26. A combustion chamber as claimed in.any of claims 
1 to 24 wherein the length (D) of an air injector 
(62,64,76,98) in the direction of flow through the at 
least one fuel and airmixing duct (54,70,92) multi- 
plied by the frequency of the fluctuations divided by 
the velocity of the fuel and air inside the at least one 
mixing duct (54,70,92) is at least one. 

27. A combustion chamber as claimed in claim 26 
wherein the length (D) of an air injector 
(62,64,76,98) in the direction of flow through the at 
least one fuel and air mixing duct (54,70,92) multi- 
plied by the frequency of the fluctuations divided by 
the average velocity of the fuel and air inside the at 
least one mixing duct (54,70,92) is at least two. 

28. A fuel and air mixing duct for a combustion cham- 
ber, the fuel and air mixing duct comprising fuel in- 
jection means for supplying fuel into the fuel and air 
mixing duct, air injection means for supplying air in- 
to the fuel and air mixing duct, the air injection 
means comprising a plurality of air injectors spaced 
apart transversely to the direction of flow through 
the fuel and air mixing duct, the air injectors com- 
prise a plurality of slots extending in the direction of 
flow through the fuel and air mixing duct. 
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